Trolox, gallic acid, chlorogenic acid, caffeic acid, catechin, epigallocatechin gallate, and ascorbic acid are antioxidants used as standards for reaction with chromogenic radicals, 2,2-diphenyl-1-picrylhydrazyl (DPPH · ) and 2,2′-azino-bis-3-ethylbenzotiazolin-6-sulfonic acid (ABTS ·+ ), and Folin-Ciocalteu (FC) reagent. e number of exchanged electrons has been analyzed as function of method and solvent. A majority of compounds exchange more electrons in FC assay than in ABTS and DPPH assays. In reaction with chromogenic radicals, the largest number of electrons was exchanged in buffer (pH 7.4) and the lowest reactivity was in methanol (DPPH) and water (ABTS). At physiological pH, the number of exchanged electrons of polyphenols exceeded the number of OH groups, pointing to the important contribution of partially oxidized antioxidants, formed in the course of reaction, to the antioxidant potential. For Trolox, small impact on the number of exchanged electrons was observed, confirming that it is more suitable as a standard compound than the other antioxidants.
Introduction
Numerous methods can be applied for determining the in vitro antioxidant potential (AOP) of single compounds or their mixtures. Due to their simplicity, the spectrophotometric methods based on reaction of the antioxidants with chromogenic radicals such as 2,2′-azino-bis-3-ethylbenzotiazolin-6-sulfonic acid (ABTS ·+ ) and 2,2-diphenyl-1-picrylhydrazyl (DPPH · ) or with phospho-tungsto-molybdate in FolinCiocalteu (FC) reagent are widely applied. Recent papers nevertheless point to the major drawbacks of such methods as no relation to the in vivo antioxidant efficacy was observed [1] [2] [3] . In AOP determinations, the endpoint measurements in the in vitro assays correspond to the amount of hydrogens/electrons which certain compound or mixture can exchange in the reaction with the oxidant probe, rather than to the actual efficiency in the reaction with radicals, which is crucial for in vivo function of this compound.
All three methods are based on the transfer of an electron from the deprotonated antioxidant to the probe when AOP is determined in protic solvents [4] , and the mechanism is described as sequential proton loss electron transfer (SPLET). e fact that the overall reaction rate depends on the proportion of ionized molecules of the antioxidant (typically the phenolate group) [5] implies that, apart from the structure of the antioxidant molecule, the type of solvent and the pH of the assay solution in particular have a large influence on the reactivity of antioxidants [6] [7] [8] [9] [10] . Solvent composition influences not only the rate of initial oxidation steps but also the degree of secondary reactions of partially oxidized antioxidants that contribute significantly to the number of exchanged electrons [6, 11, 12] .
A serious disadvantage and shortcoming of the above methods is that they are poorly standardized. A survey of the literature reveals that the reactions with a given probe are performed in different solvents and for different periods of time [13] . Additionally, the AOPs of samples are normalized to different standard antioxidants. e AOP determined by the ABTS or the DPPH method is mostly expressed as molar equivalent of (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) [14] , but normalization to ascorbic acid (AA) [15] , catechin (CTH) [16] , chlorogenic (CGA) [17] , caffeic acid (CA) [18] , gallic acid (GA) [19] , and other antioxidants is not uncommon.
AOP of food samples is usually evaluated by more than one method, and correlation analysis of AOPs obtained by DPPH, ABTS, and FC assays is often performed. e correlations can be high and significant or weak [20] [21] [22] , reflecting the lack of consistency of the results of such analyses. e large influence of the experimental parameters on the reactivity of antioxidants in the samples undoubtedly contributes to the observed discrepancies.
ese are potentiated when AOPs of samples with different composition and reactivity of antioxidants in particular assays are compared. e fact that AOP of the samples determined by DPPH, ABTS, and FC assays is rarely normalized to the same model antioxidant contributes additionally to the ambiguity in this area of research. It is almost impossible to compare the AOP of samples determined by different methods on a quantitative basis. To enable a relevant comparison between the results of studies carried out with different methods under various experimental conditions, the uniform reactivity of the compound used as standard is of great importance.
We report here how the method applied for AOP estimation, length of the assay, and the composition of the solvent affects the reactivity of selected antioxidants frequently used as standard compounds. e aim of the study was to find the standard compound with reactivity that is the least affected by experimental conditions and could be therefore applied as a general standard for DPPH, ABTS, and FC assays. , and ABTS were from Sigma-Aldrich (Steinheim, Germany). Acetic acid, sodium hydroxide, sodium carbonate (Na 2 CO 3 ), sodium hydrogen phosphate dihydrate, and methanol were from Merck (Darmstadt, Germany). Manganese(IV) oxide (MnO 2 ) was from Kemika (Zagreb, Croatia). Epigallocatechin gallate (EGCG) was from DSM Food Specialities BV (Delft, Netherlands). Water was purified using a MilliQ system (resistivity >18 MΩ·cm; Millipore).
Materials and Methods
Stock solutions (10 mM) of Trolox, CTH, CA, CGA, GA, and EGCG were prepared in MeOH, AA, and FeSO 4 in MilliQ water and DHA in acetate buffer (50 mM, pH 5.0). All further dilutions were made in the solvents used for particular assay.
e Folin-Ciocalteau Assay.
e FC assay was performed according to a modified method of Gutfinger [23] . An appropriate volume of the antioxidant or FeSO 4 solution (50 μL) was added into a 1.5 mL microcentrifuge tube, mixed with MilliQ water (700 μL) and FC reagent (125 μL, previously diluted 1 : 2 (v/v) with MilliQ water). After 5 min at 25°C, a solution of Na 2 CO 3 (125 μL, 20%, w/w) was added, and the sample was mixed again and incubated for an additional 55 min.
e absorbance at 765 nm (A 765 ) was measured with a Varian Cary 100 BIO UV-VIS spectrophotometer in a 1 cm cell. e concentration range of antioxidants and FeSO 4 in the assay solution is given in Table 1. e measurements were made in triplicate, including the preparation of sample solutions and reagents.
e DPPH and ABTS Assays.
e DPPH assay was performed according to a modified method of BrandWilliams et al. [24] and the ABTS assay according to a modified method of Re et al. [25] . e DPPH · solution was prepared in MeOH and diluted to the concentration that would give an absorbance of 2.4 at 520 nm in a cuvette with 1 cm path length. ABTS ·+ was produced by reaction of ABTS in aqueous solution with MnO 2 followed by centrifugation and filtration; the solution was then diluted with MilliQ water to the concentration that would give an absorbance of 2.4 in the cuvette with 1 cm path length at 734 nm. All the solutions, buffers, and solvents were incubated at 25°C prior to analysis. e assay solutions were prepared in a 1.5 mL microcentrifuge tube by mixing DPPH · or ABTS ·+ solution (500 μL) with 450 μL of the solvent (MilliQ water, MeOH, and acetate buffer (250 mM, pH 5.0) or phosphate buffer (50 mM, pH 7.4) for the DPPH assay, and MilliQ water and acetate buffer (250 mM, pH 5.0), or phosphate buffer (50 mM, pH 7.4) for the ABTS assay). e reactions were started by adding 50 μL of the antioxidant solution into the assay medium, with thorough mixing. After 60 min incubation at 25°C, the absorbance at 520 nm for DPPH · (A 520 ) and at 734 nm for ABTS ·+ (A 734 ) was measured. e measured value was subtracted from the corresponding value for the control (the selected solvent added into the assay medium instead of the antioxidant solution) and the data expressed as ΔA 520 or ΔA 734 . e concentration range of antioxidants in assay solution is given in Table 1 . All measurements were carried out in triplicate, including the preparation of sample solutions and reagents.
e reaction kinetics of model antioxidants CGA (10 μM), CA (10 μM), Trolox (10 μM), and GA (7.0 μM) was analyzed in 1 cm quartz cuvettes with the stopper to prevent evaporation. e solvent compositions were the same as those for endpoint measurements explained above. e A 520 and A 734 were continuously measured at 15 s intervals over 180 min.
e first time point was measured 15 s after mixing the antioxidant with radical probe. e measured absorbances were subtracted from the corresponding absorbances of the controls at appropriate time points and obtained ΔA 520 and ΔA 734 values were normalized to the number of exchanged electrons per molecule as explained in Section 3.1.
Statistical Analysis.
e slope of the calibration curve, obtained by linear regression analysis with program Origin (Microsoft), prepared with each model antioxidant in a particular type of assay and used to calculate the number of exchanged electrons, was the average value obtained from three independent experiments including the preparation of sample solutions and reagents. Relative standard deviation of the average slope was not larger than 5%.
Pearson correlation coefficients (r) were calculated with the program Excel (Microsoft).
Mean absolute errors (MAE) and mean absolute percent errors (MAPE) in the number of exchanged electrons (n) for seven model antioxidants (a) were calculated (Equations (1) and (2)) for each pair of antioxidant assays (X, Y). Data for DHA were not included in the calculation since the low reactivity of DHA in all conditions except in the FC assay would distort MAPE values. e antioxidant assay which gave the lowest n value for the particular antioxidant is designated as Y:
Results and Discussion

Quantification of Exchanged Electrons in the Reaction of Antioxidants with the Oxidant
Probe. e AOP of tested compounds, quantified as the number of exchanged electrons (n) for the reaction between antioxidants and DPPH · or ABTS ·+ radical, was estimated as the molar ratio of the quenched radical to the tested antioxidant after 60 min incubation. It was calculated considering molar absorption coefficients (ε) of the radical in the solvent used and the slope of the calibration curve (k antioxidant ) prepared with model antioxidants (dependence of ΔA 520 and ΔA 734 on antioxidant concentration in assay solution (c antioxidant )) as shown in Equations (3)- (5). For all antioxidants analyzed, the dependence of ΔA 520 and ΔA 734 was linear in the concentration range, as shown in Table 1 :
where c radical represents the concentration of the radical in the assay solution and l represents the cuvette path length. In calculations of n for the reaction between DPPH · and antioxidants in MeOH, water, or buffer (pH 5.0), we used the ε value of 12000 L·mol −1 ·cm −1 [26] . e corresponding n value for reaction with the ABTS ·+ radical in the tested solvents was calculated, taking into account the ε value of (15000 ± 549) L·mol [25] . e contribution of the reaction product, DPPH 2 , to the A 520 in MeOH or in the mixture of MeOH and acetate buffer can be neglected, and therefore, a change in absorbance can be attributed solely to the change in concentration of DPPH · . At a neutral pH, the absorbance of formed DPPH 2 should however be considered in calculations as observed by other authors [27] . Indeed, when we recorded the absorption spectrum for the DPPH · solution with large molar excess of Trolox in the test in phosphate buffer (pH 7.4), we found that the DPPH 2 absorbs at 520 nm and significantly contributes to the measured value. e absorbance of DPPH 2 contributes 41% of the absorbance of a DPPH · radical at 520 nm. It is important to emphasize that the actual pH in the mixture of buffer and MeOH can be higher than in the pure aqueous buffer [28] . e number of exchanged electrons was calculated by considering the contribution of DPPH 2 to the measured value of A 520 and of ε for DPPH · at neutral and basic pH of 10700 L·mol
[27] and applying Equation (6) instead of Equation (3):
For the FC assay, the AOP, i.e., the value of n in the oxidation of antioxidants with phospho-tungsto-molybdate cannot be calculated from the corresponding molar absorption coefficient, as ε of the products is not known. In order to evaluate the reactivity of the investigated compounds, a calibration curve with FeSO 4 was prepared, in which Fe 2+ ions in the reaction with FC are oxidized to Fe 3+ (one electron exchange). It was previously shown that Fe 2+ reacts in the FC assay [29] :
e n value in reaction of investigated antioxidants with FC reagent was estimated with Equations (7)- (9) using the slopes of the calibration curves for antioxidants (k antioxidant ) and for FeSO 4 (k Fe2+ � 0.0034 ± 3 × 10 −5 L·μmol −1 ). Figure 1 . Large variations are observed in di erent types of assay and also within subvariants of ABTS and DPPH assays. In reaction with chromogenic radicals, the largest number of electrons are exchanged in bu er (7.4), while the lowest one was observed in MeOH (DPPH · ) and in water (ABTS ·+ ). It is evident that, for the majority of antioxidants, higher n values were observed in the FC assay than in ABTS and DPPH assays.
e exceptions are phenolic compounds with pyrogallol group, GA and EGCG.
Large variations in the number of exchanged electrons for di erent antioxidants are to be expected since antioxidants di er in the number of OH groups bound to aromatic rings or to an unsaturated carbon atom. Typical oxidation of polyphenols is best depicted by the oxidation of a diphenolic compound (catechol) into the corresponding quinone (Equation (10)) and of enediol (ascorbic acid) into vicinal diketone (Equation (11)): 
Oxidation of one OH group on an aromatic ring/enole therefore involves transfer of one electron on the radical (DPPH · and ABTS ·+ ) or other oxidants (phospho-tungstomolybdate). e results shown in Table 2 nevertheless reveal that n per OH can be substantially higher than 1. For GA, the value of n per OH group in the FC test and with chromogenic radicals ranged from 1.7 to 3.5, being highest for ABTS ·+ at pH 7.4. For the compound bearing two pyrogallol groups in its structure, EGCG, n per OH group ranged from 1.1 to 2.0, being the highest for DPPH and ABTS at pH 7.4. CA, CGA, and CTH, the phenolic compounds with a catechol group, also exchanged more than 1 electron per OH group under the majority of assay conditions, being the highest for DPPH at pH 7.4 and with the FC assay where, for CGA, n per OH group amounted to almost 4. DHA reacts only in FC assay where AA also shows higher AOP, most likely as a result of formation of hydroxy furanones [30] which are redox active substances [31] . In the FC assay that is performed at basic pH, a su cient amount of secondary antioxidants, which contribute to AOP, is formed.
All the polyphenolic antioxidants analyzed exchanged more than 1 electron per OH group, which con rmed that secondary reactions under certain conditions contribute even more to AOP than primary oxidations of the phenolics. A relevant question is whether such reactions can be related to the e ciency of the antioxidants in food matrices and, potentially, in vivo where antioxidants are enzymatically and nonenzymatically modi ed. In the light of the fact that the high rate is crucial for the e ciency of the antioxidant reacting with the radical [2] , one could argue that analysis of AOP, which is based on oxidation in the second phase, is irrelevant in this respect.
ere are serious and justi ed concerns about the current practice that assays with radicals are allowed to proceed for long reaction periods [9] . However, a slow reaction rate in the second phase does not necessarily mean that compounds that are formed from partially oxidized phenolic compounds react at slow rates per se if we assume that the rate-limiting step is the formation of these compounds. It was previously shown that the product formed from partially oxidized chrysin in reaction with ABTS ·+ reacts faster with the radical than the parent molecule [12] . e lack of relevant information related to this topic means that these secondary reactions have to be considered relevant. Additionally we have shown that, at neutral pH which is encountered in large proportion of the gastrointestinal tract, body uids, and cellular compartments, reactivity of antioxidants in the second phase is increased (Section 3.3) .
Of all the standard antioxidants analyzed, the number of exchanged electrons for Trolox was the least dependent on the type of assay, solvent composition, and pH. e n value determined in all conditions, regardless of the method, was in the range of 1.75 to 2.25 (Table 2) . For the reaction between DPPH · and Trolox, the highest n (1.92) was observed in bu er at pH 7.4, followed by bu er solution at pH 5 and water, with the lowest one in MeOH. e oxidation of Trolox by ABTS ·+ in water resulted in n 1.79. Comparable values were also obtained for the reaction at pH 5 and at pH 7.4. In the FC assay, Trolox exchanged 2.25 electrons.
us, the average value of n in all tests was 1.88 ± 0.17 and, taking into consideration Trolox purity (97%), it amounted to 1.94, which is comparable with literature values of between 1.9 and 2 [5, 8, 24] . Analysis of oxidation in aqueous and alcoholic solvents revealed that the chromane ring is broken upon oxidation, and Trolox quinone with two C O groups is formed (Equation (12)), resulting in two electron oxidation [32] :
Trolox is formally a compound with one OH group; however, when hydrolysis of the ether bond in the chromane ring resulting in the formation of 1,4-hydroquinone is taken into the account, it is oxidized as a typical diphenolic compound (Equation (10)) with one electron exchanged per OH group. e extent of additional oxidation reactions is therefore relatively small, as only in the FC assay, there are slightly more than two electrons exchanged.
Large difference in AOP determined at 60 min can be exemplified by mean absolute errors and mean absolute percent errors in the n for model antioxidants for each pair of the antioxidant assays (Supplementary file).
Since there are considerable differences in n values already between variants of a particular assay (Table 2) , control of experimental parameters such as pH and solvent composition is therefore particularly important. Often those parameters are not controlled and even not reported in the papers, which complicates the comparison of obtained AOP for similar samples in different studies. Especially DPPH assay is often performed in the absence of buffer, and there is large probability that, only with the added sample, the conditions regarding water content and pH can be drastically changed resulting in changed reactivity [6] . To increase the robustness of the assays with chromogenic radicals, they should be preferentially performed in buffered solvents.
e Influence of Solvent on the Kinetics of Reaction of Antioxidants with ABTS
·+ and DPPH · Radicals. We have analyzed the kinetics of reaction of CGA, CA, GA, and Trolox with chromogenic radicals in solvents giving the lowest (MeOH for DPPH · and water for ABTS ·+ ) and the highest (buffer (pH 7.4) for both) AOP after 60 min. e results shown in Figure 2 reveal that the solvent and type of the assay have large influence on the amplitude and the kinetics of the reaction. Additionally, it is clearly shown that secondary reactions of partially oxidized antioxidants contribute significantly to the number of exchanged electrons already at the minute time scale. Accordingly, it is not possible to discriminate the contribution of primary oxidation of polyphenols to quinones from the contribution of secondary antioxidants to the AOP without stopped-flow machine.
For GA, secondary reactions are quantitatively relevant under all conditions analyzed already at the subminute range. Caffeic acid and its ester (CGA) have similar yet kinetically different profiles. On the contrary to GA, contribution of secondary reactions in DPPH assay at pH 7.4 is the most pronounced. For ABTS assay of CA at physiological pH, the rate of reaction at prolonged incubation time is increased, which cannot be explained only by the reaction of an antioxidant with the ABTS ·+ . It is possible that H 2 O 2 that is formed in the course of CA oxidation [33] reoxidizes ABTS into ABTS ·+ and therefore results in overall smaller dΔA/dt at shorter incubation times, until it is used up. Trolox quinone (Equation (12) We have observed the sample speci c kinetic pro les also for di erent food matrices [22] . e dΔA/dt on the time scale of few tens of minutes when samples as tea, co ee, cranberry, and apple juice were analyzed was even larger than observed for antioxidant compounds in this study. As routine AOP measurements are often performed without strict temperature and time control, more reproducible results can be obtained, if longer incubation times (60 min) are applied when dΔA/dt is smaller. Still, we have to be aware that AOP values are not the measure of the antioxidant properties of the molecules (in the kinetic term) but rather re ect the capacity of molecules to exchange certain amount of electrons in the reaction with oxidants under chosen conditions.
Correlation Analysis of AOP of Model Antioxidants Determined by DPPH, ABTS, and FC Assays.
e results of correlation analysis between the n values for the eight model compounds obtained by di erent assays are shown in Table 3 . All correlation coe cients are signi cant at α 0.05. e highest correlations are observed between di erent variants within DPPH or ABTS assays.
e notable exception is DPPH assay at pH 7.4 with weaker correlations. When variants of DPPH and ABTS assays are compared to each other the Pearson correlation coe cients are lower than within each type of assay but are still signi cant at α 0.001. When the results of FC assay are correlated to AOP obtained by DPPH and ABTS assays weaker correlations, most of them signi cant at α 0.05, are observed. e exception is again DPPH assay at pH 7.4 which shows the highest correlation with FC assay (α 0.001).
In general, the correlation between determined AOP of investigated antioxidants (Table 4) which are structurally di erent compounds such as hydroxycinnamic acids, trihydroxybenzoic acid, avanols and their derivatives, vitamers of vitamin C, and synthetic chromanol, is much poorer than correlation between the types of assays. For GA, even negative correlation coe cients are observed with practically all other antioxidants. A weak positive correlation between GA and its derivative, EGCG, could be attributed to the similar chemical structure. In the same way, statistically significant correlation of EGCG is found with CTH that is another structural element of EGCG. e important role of compound's structure on correlation strength is particularly confirmed in the case of AA and its oxidized form, DHA. Similar considerations can be applied to the correlation between the CA and its ester, CGA, both significant at α � 0.001. Lower r values obtained for correlation among AOPs of investigated compounds (Table 4 ) than for correlation among AOPs determined in different tests and different solvents (Table 3) indicate that, despite similar influence of solvents, the AOP still greatly depends on the structure of the compounds.
Conclusions
Regardless of persistent critiques of the in vitro antioxidant assays and lack of correlations that would exist with in vivo antioxidant properties, this research area is lively as ever. In the year 2017, 0.17 % of all manuscripts published in the SCI journal (based on Web of Science database) contained DPPH, ABTS, or Folin in the abstracts. However, in the large proportion of those manuscripts, the methodology is poorly described and comparison with work of others is practically impossible. Due to inconsistency of published results, the adequacy of in vitro antioxidant assays is becoming questionable [34] .
e measured AOP should in principle give the estimation of the amount of the compounds that can be oxidized under conditions of the assays.
e number of exchanged electrons in the reactions with chromogenic radicals is dependent on solvent composition, pH of reaction media, length of assay, and chemical structure of the antioxidant. Secondary reactions of partially oxidized antioxidants contribute significantly to the number of exchanged electrons. We have found that the only exception is Trolox, compound with uniform number of electrons exchanged in applied assays, which is therefore the most suitable compound as standard for AOP determination of single compounds or their mixtures in ABTS, DPPH, and Folin-Ciocalteu assays. For practically all antioxidants, with the exception of Trolox, the number of exchanged electrons under the most favorable conditions, typically the FC assay, is more than two-fold higher than under the least favorable conditions in the majority of cases, the DPPH assay in MeOH.
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